Abstract-Three design concepts, namely, WP#1, WP#2, and WP#3, for the low-T c superconductor DEMO toroidal field coil was proposed in 2014. This paper is focused on the thermalhydraulic analysis of all the designs using simplified models, which includes: 1) hydraulic analysis-calculation of the mass flow rates in each conductor at operating conditions during the dwell time; 2) heat removal analysis-calculation of the steady-state mass flow rates and temperature profiles in each conductor as functions of the nuclear heat deposition rate; and 3) estimation of the maximum quench temperature and pressure in each conductor assuming the extreme scenario for the maximum pressure. The detailed analysis of the WP#1 design in burn and in quench conditions using the THEA code was also carried out. It took into account the expected electromagnetic and heat load maps along each conductor and different quench initiation scenarios leading to the maximum hot spot temperature or to the maximum pressure. Our analysis shows that the temperature margin in the WP#1 and WP#3 conductors is sufficiently large, but it is too small in some WP#2 conductors. The hot spot temperatures in some WP#1 cables calculated with THEA are too high. These results provide information for further improvements of the conductors' design.
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I. INTRODUCTION
D EMO, the future European fusion tokamak planned after ITER, is being designed under the supervision of EUROfusion Consortium. ITER is considered to be the last research-type tokamak which will reach the plasma energy breakeven point (i.e., produce more power than it consumes), whereas DEMO should demonstrate the economic feasibility of fusion power plants. Therefore, DEMO designers are required to minimize its complexity and costs. Superconducting magnets belong to the most expensive parts of ITER. The overall machine size and magnetic field required in DEMO are significantly larger than those of ITER, which makes the coil design challenging from the technological point of view as well as concerning the cost optimization. New concepts, based on both low and high T c superconductors, are therefore investigated for the most challenging coils-the toroidal field (TF) coils and for the central solenoid. Three different designs of the LTS DEMO TF winding pack, namely: WP#1, WP#2 and WP#3, were proposed in 2014 by EPFL-SPC, ENEA Frascati and CEA Cadarache, respectively [1] . WP#1 and WP#2 are the improved iterations of the designs proposed in 2012 and 2013 [2] , [3] , whereas WP#3 is the new concept. According to the design, the TF coil consists of (a) WP#1: nine double layers (DLs) wound using flat multistage cables with two side cooling channels, (b) WP#2: eight DLs wound using rectangular CICCs with a central channel delimited from the bundle with a perforated tube, (c) WP#3: ten double pancakes (DPs) wound using a square CICC with a central channel separated from the bundle with a spiral (see Fig. 1 ). In the WP#1 and WP#2 designs each DL has a different conductor grade. Conductors in the WP#3 and in the six innermost DLs of WP#1 and 2 are made of Nb 3 Sn, whereas the outer DLs of the WP#1 and 2, located in low magnetic field, use NbTi. The WP#1 design is the most compact one and also the most radically changed with respect to the CICC typically used in nowadays tokamaks.
This work presenting the thermal-hydraulic analysis of all three winding packs is aimed at: (i) development of reliable tools for checking efficiently the merits of various coil designs and (ii) verification if the proposed coil designs fulfill the acceptance criteria It extends the earlier studies [4] , [5] Table I . In the 2nd column of Table I we show lengths of the shorter conductor in each DL, subjected to the higher magnetic field and nuclear heat (NH) load. In Table I ϕ is the effective void fraction, A is the component cross section and B 0 is the expected peak value of magnetic field at nominal operating current I 0 [6]- [8] . The value of I 0 is equal to 81.7 kA (WP#1 and 2) or 95.5 kA (WP#3). Indices B and sc refer to the bundle and superconductor, respectively. Copper in superconducting strands (index Cu1) has RRR = 100, whereas in segregated strands and in the outer layer (index Cu2) has RRR = 400, 450 and 300 in the WP#1, 2 and 3, respectively.
As in previous analyses, we assume that cooling conditions are similar to those of ITER, i.e., the coil is cooled by forcedflow supercritical helium at T in = 4.5 K, p in = 0.6 MPa, whereas the expected pressure drop in the coil is of 0.1 MPa.
The initial stage of our study was the analysis of all the WP#1-WP#3 designs using the simplified models which were presented in detail, including the governing equations, in [4] . This analysis includes: (i) hydraulic analysis-calculation of the mass flow rates in each conductor at the expected value of pressure drop at operating conditions during the dwell time (assuming no heat deposition in the coil), (ii) parametric heat removal analysis-calculation of the steady state mass flow rates as well as temperature and pressure profiles in each conductor as functions of the NH deposition rate, (iii) estimation of the maximum quench temperature and pressure in each conductor assuming the extreme scenario for the maximum pressure (whole conductor in normal state with blocked channels of flow). In the next stage we performed a detailed analysis of the WP#1 design in burn and in quench conditions using the THEA code [9] , [10] .
Predictive capability of the existing bundle friction factor correlations has never been verified for cables with as low void fractions as that of the WP#1 Nb 3 Sn conductors. Thus, in the initial stage of our analysis, to assess the sensitivity of the results on the choice of correlation, we used three correlations available in the literature, namely: Katheder correlation (f Kath ) [11] , and two porous medium analogy correlations: the one based on the Darcy-Forcheimer equation (f DF ) [12] and the modified one (f M ) [13] . For the flow in cooling channels we used either standard smooth tube (f st ) correlations (WP#1 and 2) or the correlation established from measurements on several spirals for ITER TF and CS conductors (WP#3):
where D h and Re are based on D out [14] . THEA model of each WP#1 conductor consist of several parallel 1-D components, as shown schematically in Fig. 2 . In Fig. 2 h denotes the heat transfer coefficient between the solid components conservatively assumed to be 500 W/(m 2 K) [15] , whereas h st represents standard smooth tube correlations. Mass transfer is defined using two parameters: wetted perimeter (in our case set to 2 × 0.1 mm) and its perforation (set to 1) [10] . The adiabatic and fixed pressure (infinite reservoir) boundary conditions are imposed at both ends of each cable.
The NH load in the TF coil has been defined in [16] :
where λ = 0.140 m is the decay length of the nuclear heat deposition and r is the radial distance from the TF case inner (towards the plasma) side edge. After integrating Eq. (2) we get the expected NH load per given layer in a layer-wound coil or per given turn in a pancake-wound coil. The NH load in the WP#1 conductors resulting from Eq. (2) is shown in column 2 of Table II . The additional NH load deposited in the front case is of 148.4 W. Thus, for the WP#1 L1 conductor we consider three possible scenarios: (a) no heat transfer from the front case, (b) total heat load from the front case transferred to L1, (c) a compromise value equal to the NH load used in our earlier studies [4] , [5] . For the WP#1 and 2 we assume that NH is deposited evenly along the whole conductor length. For the pancake wound WP#3 we consider three NH maps (see Fig. 3 ) resulting from Eq. (2) and 2D analysis of heat transfer within the coil cross section [17] , [18] . The following cases are considered for the WP#3: (a) no heat transfer from the case, Fig. 3 . NH load profiles in WP#3 used in the heat removal analysis [17] , [18] . (b) heat transfer from the uncooled case taken into account, (c) with heat transfer from the case with additional cooling channels.
As agreed with the project team [19] , in most of THEA simulations, except those aimed at estimation of the maximum quench pressure, we use the magnetic field map calculated at the center of the conductors' cross section [6] (see Fig. 4 ).
The quench initiation scenarios adopted in the present THEA simulations, agreed within the project team [19] , are much different from those used in our earlier studies [4] , [5] , where quench was initiated by increasing the operating current while the initial temperature in the whole conductor was assumed close to T cs (current sharing temperature). This approach led to a very small temperature margin along the full conductor length. In the present study the initial temperature and mass flows follow the steady state profiles obtained at the expected NH load whereas quench is initiated by a heat disturbance of duration 100 ms and energy equal to 2 × MQE (Minimum Quench Energy). Two extreme quench initiation scenarios are considered, namely: Case A, aimed at the assessment of the maximum pressure, in which the disturbance is distributed over the whole conductor length whereas magnetic field is set to the constant value B 0 , and Case B, providing the estimate of the maximum hot spot temperature, in which only 1 m of a cable, located in the area with the maximum temperature margin is subjected to the heat pulse. The quench detection threshold is set at 0.5 V, with an additional delay of 2 s before the start of exponential current dump with the characteristic time τ = 23 s [4] , [5] , [19] .
III. RESULTS AND DISCUSSION
The results of the hydraulic analysis are shown in Fig. 5 . It is seen, that the Katheder correlation, which has been developed for conductors with the void fraction of about 0.40 [11] , predicts much larger mass flow rates than both porous medium correlations, particularly at low void fractions, e.g., bundle mass flow rates calculated for ϕ = 0.19 with f Kath are about 2.7 times larger than those obtained using f DF . For further analyses we have chosen the most conservative f DF correlation, which predicts the smallest mass flow rates. The total mass flow rate in the coil is assessed to be 276, 109 and 229 g/s for the WP#1, 2 and 3, respectively. These values may serve as a reference for the DEMO cryogenic system design.
The results of the heat removal analysis in the end-of-burn conditions are shown in Table II and in Figs. 6-8 . It is seen in Fig. 6 and in Table II (4th, 6th, 8th and 9th column) that the Table II were calculated at B 0 using the scaling law agreed in [20] . They are typically below T cs profiles calculated by THEA, because the B 0 values are above the magnetic field profiles used in THEA simulations (Fig. 4) . Thus, the temperature margin, defined as ΔT marg = T cs − T op , predicted by the simplified model is conservative, i.e., typically smaller than that resulting from THEA. The temperature margin is sufficiently large in all layers of the WP#1, i.e., above the ΔT marg > 1.5 K criterion [1] , [20] , more conservative than e.g., ITER TF [21] , as being applied to a grid-operative power plant. The outlet helium temperatures in the WP#2 conductors are much higher than those in the WP#1 (see Fig. 7 ). This results from the fact that the mass flow rates in the WP#2 conductors are much smaller than in the WP#1 (see Fig. 5 ). It should be noted that the mass flow rates in the considered NH load range are only slightly smaller than those shown in Fig. 5 (see Table II ). The design T cs values in the WP#2 are relatively low (6.5 K in DL1 and 6.0 K in DL2-DL8 [7] ), so it can be expected that the temperature margin in some WP#2 cables is insufficient, particularly in DL1-3. This observation was confirmed by the detailed analysis performed using the 4C code [22] , [23] . The design T cs value for the WP#3 conductor at B 0 is equal to 6.2 K [8] . For the pancake wound WP#3 the most critical point (z crit ) is located at the end of maximum field region in innermost turn. It is seen in Fig. 8 that ΔT marg calculated as ΔT simple marg = T design cs −T crit is larger than 1.5 K even for the most pessimistic of the considered scenarios (Case b).
The present THEA quench simulations were based on different quench initiation scenarios as compared to our earlier studies [4] , [5] . We assumed the initial conductor temperature to be lower than in [4] , [5] and we used the realistic magnetic field profile along the conductor. Both these factors lead to larger temperature margin, which resulted in much smaller quench propagation velocities and much higher hot spot temperatures than those obtained in [4] , [5] . At lower initial temperature, larger mass of helium available inside a cable expands simultaneously when heated (THEA case A) leading to p max values higher than those obtained in [4] , [5] . It is seen in Fig. 9 that the hot spot temperatures in the WP#1 Nb 3 Sn conductors resulting from the THEA model (Case B) are too high, i.e., much above the 250 K criterion [24] . Thus, we suggest considering increasing the copper cross section in the Nb 3 Sn conductors in the next iteration of the design. However, the hot spot temperatures obtained in the present THEA simulations can be slightly overestimated, since we neglected heat exchange between the adjacent turns and layers of the coil. This effect deserves to be taken into account in our further investigations (as e.g., in [25] , [26] ). The simplified quench model can serve as a reference for the THEA Case A, in which quench is initiated simultaneously along the full conductor length. As seen in Fig. 9 , the p max values obtained with both models agree well, except the DL1 conductor with particularly large cooling channels. The T max values resulting from the simplified model are close to those obtained with THEA Case A for DL7-DL9 conductors, but they are underestimated for DL1-DL6 conductors with a very thick steel jacket. For such conductors the assumption that heat transfer among different cable components is instantaneous, applied in the simplified model, cannot be justified, and leads to the observed underestimation of T max .
IV. CONCLUSION AND PERSPECTIVES
Our simplified model confirmed to be a fast and reliable tool for analysis in steady state conditions, but in quench conditions it provides reasonable results only for conductors with relatively thin jackets and small cooling channels.
Large discrepancy between predictions of different bundle friction factor correlations available in the literature for conductors with very low void fraction (of 27% or smaller) was observed. Thus, there is a need to verify the predictive capability of various correlations by performing pressure drop tests of some conductors with very low void fractions.
The results of the heat removal analysis in the end-of-burn conditions indicate that the temperature margin in the WP#1 and 3 conductors is sufficiently large, but it is too small in some WP#2 conductors, which indicates the need to increase helium cross section in their cooling channels. The hot spot temperatures in the WP#1 Nb 3 Sn conductors calculated with THEA are too high, so in the next iteration of the design the copper cross section in Nb 3 Sn cables could be increased.
In future THEA simulations we plan to improve gradually our model by taking into account heat transfer between adjacent turns and layers and replacing the fixed boundary conditions by a cryogenic loop.
ACKNOWLEDGMENT
The views and opinions expressed herein do not necessarily reflect those of the European Commission.
